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One hundred eighty-three men underwent stress-redistri- 
bution thallium-201 myocardial perfusion tomography. Af- 
ter evaluation of various preprocessing filters in a phantom 
study, the Butterworth filter with a frequency cutoff of 0.2 
cycles/pixel, order 5 (which provided optimal filter power) 
was used in the back projection algorithm of the patient 
studies. All short-axis and apical portions of vertical long- 
axis images were quantified by dividing each myocardial 
slice into 60 equal sectors and displaying the maximal count 
per sector as a linear profile. 
In a pilot group consisting of 20 normal men (4% 
likelihood of coronary artery disease) and 25 men with 
coronary artery disease (30% coronary stenosis by angi- 
ography), profiles representing the lowest observed value 
below the mean normal profiles provided the best threshold 
for defining normal limits. Abnormal portions of the pa- 
tient profiles were plotted on a two-dimensional polar map. 
The polar map was divided into 102 sectors, and sectors 
with a probability of 280% for disease of each one of the 
three major coronary arteries were clustered to represent 
specific coronary artery territories. Receiver operating 
characteristic curve analysis for defect size showed that the 
optimal threshold for defining a definite perfusion defect 
was 12% for the left anterior descending and left circumflex 
and 8% for the right coronary artery territories. 
These criteria were prospectively applied to an addi- 
tional 92 patients with angiographic coronary artery dis- 
ease, 18 patients with normal coronary arteriograms and 28 
patients with ~5% likelihood of coronary disease. Sensitiv- 
ity, specificity (in patients with normal coronary arterio- 
grams) and normalcy rate (in patients with 4% likelihood 
of coronary artery disease) for overall detection of coronary 
disease were 96%, 56% and 86%, respectively. Sensitivity 
and specificity for identification of individual diseased ves- 
sels were, respectively, 78% and 85% for the left anterior 
descending, 79% and 60% for the left circumflex and 81% 
and 71% for the right coronary artery. These results were 
not significantly different from those of the pilot group. 
An optimized quantitative method for interpretation of 
stress thallium-201 myocardial perfusion tomography has 
been developed. Prospective application of this method 
indicates that the technique is accurate for the overall 
detection of coronary artery disease and identification of 
disease in individual arteries. 
(,I Am Co11 Cardiol1989;14:1689-99) 
Planar thallium-201 myocardial perfusion scintigraphy is 
now widely used to evaluate the extent of coronary artery 
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disease. The utility of planar thallium imaging for such 
evaluation has been enhanced by the development of quan- 
titative techniques for assessing the initial distribution and 
subsequent washout rate of thallium-201. Nevertheless, the 
planar imaging method is inherently suboptimal for assessing 
myocardial perfusion because frequent overlap of normally 
and abnormally perfused myocardial regions limits its ability 
to detect, localize and size myocardial perfusion defects. 
Single photon emission computed tomography (SPECT), 
which has higher contrast resolution and allows separation 
of overlapping myocardial regions, has the potential for 
overcoming these limitations of planar imaging. 
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Table 1. Distribution of 183 Patients in the Pilot and Prospective 
Studv Grows 
Low 
CAD 
Normal 
Study Likelihood No Coronary 
Group of CAD MI MI Arteriogram Total 
Pilot 20 13 12 0 45 
Prospective 28 43 49 18 138 
CAD = coronary artery disease; MI = myocardial infarction. 
Until recently, thallium myocardial SPECT images could 
be evaluated only by visual analysis (14-18). To overcome 
the observer variability associated with such analysis, our 
group (19) and others (20,21) described methods for quanti- 
fying the relative three-dimensional distribution of thallium- 
201 in the myocardium using SPECT. The present study was 
undertaken to optimize and then prospectively validate our 
previously described method (19). Specifically, the first goal 
of this study was to optimize our preliminary approach by 1) 
evaluating various preprocessing filters and selecting the 
filter with maximal efficiency; 2) evaluating various ap- 
proaches to the determination of normal limits; 3) developing 
a coronary territory map for assignment of perfusion defects 
to individual coronary arteries; and 4) development of crite- 
ria for determination of definite perfusion defects. Another 
goal of this study was to apply the optimized method and 
criteria to a large prospective group of patients to evaluate 
their accuracy for overall detection of coronary artery 
disease and identification of disease in individual coronary 
arteries. 
Methods 
Study patients (Table 1). The study group consisted of a 
total of 183 men who were referred to our nuclear cardiac 
stress laboratory to undergo a stress-redistribution thallium- 
201 SPECT study. This total group comprised a pilot group 
of 45 patients and a prospective study group of 138 patients. 
The pilot group consisted of 20 normal men and 25 men with 
coronary artery disease. The 20 normal men were designated 
as such by having <5% likelihood of coronary artery disease 
on the basis of Bayesian analysis of age, gender, symptoms 
and the results of their stress electrocardiogram (ECG) 
(22,23). The 25 patients with coronary artery disease had 
angiographic evidence of 250% luminal diameter narrowing 
of a major coronary artery or one of its branches. Of these 25 
patients, 13 had historical or ECG evidence, or both, of prior 
myocardial infarction. 
The 138 prospective study patients comprised 28 with 
<5% likelihood of coronary artery disease, 92 with angio- 
graphic coronary disease and 18 with normal coronary 
arteriograms. Of the 92 prospective study patients with 
coronary disease, 43 had historical or ECG evidence, or 
Table 2. Subgrouping of 117 Patients With Coronary 
Artery Disease With Respect to the Number of Diseased 
Coronary Arteries 
Study 
Group 
Pilot 
No. of Diseased Vessels 
1 2 3 Total 
MI 2 9 2 13 
No MI 3 3 6 12 
Prospective 
MI 8 
No MI 10 
Abbreviations as in Table 1. 
16 19 43 
17 22 49 
both, of prior myocardial infarction. The median time inter- 
val between thallium testing and angiography was 12 days 
(range 0 to 180). There was no intervening coronary event 
between thallium and angiographic tests. Subgrouping of 
patients with coronary artery disease with respect to the 
number of diseased coronary arteries is shown in Table 2. 
The study patients were consecutive except for exclusion of 
patients with previous coronary artery bypass surgery and 
coronary angioplasty and those with motion artifact, which 
was decided without knowledge of other data by review of 
summed images of the heart and point sources. 
Exercise and imaging protocols. All patients underwent 
maximal tolerated exercise on a treadmill according to the 
Bruce protocol. Patients were instructed to withhold beta- 
adrenergic and calcium channel blocking medication for at 
least 48 h and nitrates for at least 6 h before stress testing. In 
the prospective patient group, 28 (100%) of the 28 patients 
with a low likelihood of coronary artery disease, 17 (94%) of 
the 18 patients with normal coronary arteriograms and 78 
(85%) of the 92 patients with coronary artery disease 
achieved ~80% of their age-predicted maximal heart rate 
during exercise. Of the 14 patients with coronary artery 
disease who did not achieve this heart rate, 9 (64%) devel- 
oped chest pain or ischemic ST segment depression, or both. 
Thallium-201, 3 to 4 mCi, was injected intravenously 1 min 
before peak exercise. 
Patients underwent imaging with use of a rotating tomo- 
graphic unit approximately 10 to 15 min and 3 to 5 h after 
cessation of exercise; 180” rotation was used, extending from 
the 45” right anterior oblique to the left posterior oblique 
position. Thirty or 32 projections (depending on the camera 
used) were obtained during the 180” rotation. Each projec- 
tion was imaged for 40 s. The scintillation cameras were 
equipped with 75 photomultiplier tubes and 114 in (0.64 cm) 
(Siemens) or 3/8 in (0.91 cm) (General Electric) thick sodium 
iodide crystals and low energy, all purpose, parallel hole 
collimators. A 20% energy window was centered on the 80 
keV peak and a second 10% energy window was centered on 
the 167 keV peak of thallium-201. All projections were 
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stored on magnetic disk using a 64 X 64, 16 bit matrix. For 
detection of patient motion (24) and upward creep of the 
heart (25) during image acquisition, two thallium-201 point 
sources were placed on the patient’s chest before imaging. 
These were placed approximately 5 cm to the right of the 
sternal border with one at the second and the other at the 
sixth intercostal space. 
Computer processing and analysis. Each of the projec- 
tions was corrected for nonuniformity with a cobalt-57 
source containing 30 million counts. The mechanical center 
of rotation was determined from the projection data and was 
used to align the detector data with respect to the recon- 
struction matrix. The center of rotation measurement was 
also used periodically to monitor gantry stability. Raw data 
were smoothed using a nine point weighted algorithm. Fil- 
tered back projection was then performed using the optimal 
filter, which was determined from our phantom study as 
described later. Transaxial tomograms were reconstructed 
and encompassed the entire heart. Short-axis and vertical 
long-axis tomograms were extracted from the filtered trans- 
axial tomograms by performing a coordinate transformation 
with interpolation. All tomograms were reconstructed at 1 
pixel thickness (6.2 mm) per slice. No attenuation or scatter 
correction was used. 
Three-dimensional quantification. The quantitative analy- 
sis was applied only to the exercise images. The method for 
three-dimensional quantification of tomographic thallium 
studies was similar to that previously described (19). Briefly, 
the analysis consisted of the following steps. 1) Short-axis 
slices were selected as those extending from the subendocar- 
dial portion of the apex to the base of the heart. 2) Vertical 
long-axis slices were selected as those extending from the 
subendocardial portion of the septum to the subendocardial 
portion of the lateral wall. 3) The center of the left ventric- 
ular cavity, radius of search and an anatomic alignment point 
(defined by the junction of left and right ventricles for the 
short-axis slices and the most apical point for the long-axis 
slices) were assigned by the operator. 4) On each slice, 60 
radii were generated, extending from the center of the left 
ventricular cavity toward the myocardial periphery. On each 
radius, the myocardial pixel that contained the maximal 
count was selected. For each slice, all pixel values were 
normalized to 100, and the normalized counts were dis- 
played as a circumferential profile that represented a linear 
display of the maximal count per sector around the circum- 
ference of the heart (19). 5) Profiles from the apical portion of 
the long-axis slices and all of the short-axis slices were 
plotted onto a two-dimensional polar map representing the 
entire left ventricular myocardium. 
Determination of optimal filter for image processing 
(phantom study). This optimal filter determination was ac- 
complished in a phantom experiment according to the tech- 
nique described by Contino et al. (26). With use of an Iowa 
heart phantom, the efficiency of three different filters (But- 
terworth. Hanning and Hamming) at different frequency 
cutoffs was evaluated and compared. The Iowa heart phan- 
tom was filled with 2 mCi/ml concentration of thallium-201 
diluted in water. A 3 X 3 X 1.5 cm compartment was filled 
with water without radioactivity. The heart phantom was 
suspended in a water bath container that represented the 
thorax. This container was filled with water containing 100 
mCi/ml of thallium that represented the background activity 
within the thorax. The heart phantom was then positioned on 
the imaging table with the long axis of the heart oriented 
according to an in vivo human heart. The phantom was then 
imaged according to the protocol used in humans. Projection 
images were reconstructed in a plane perpendicular to the 
long axis of the heart phantom at 1 pixel thickness (6.2 mm). 
On a phantom slice image without a defect. maximal count 
density was divided by minimal count density to determine 
uniformity. Contrast resolution was assessed by analyzing 
the slice image that corresponded to the portion of the 
phantom with the known defect. Contrast resolution was 
derived by subtracting the average count density of the 
normal portion of the slice from the defect portion of the 
slice and dividing that result by the average count density of 
the normal portion. Filter efficiency was defined as unifor- 
mity multiplied by contrast resolution. 
Development of a normal data base and selection of optimal 
threshold for definition of abnormality (pilot study). Short- 
axis slices from each of the 20 normal patients in the pilot 
group were grouped into five sets of slices representing 
different zones of the left ventricle from apex to base. In 
each patient, circumferential profiles corresponding to a 
given zone were averaged point by point to derive a repre- 
sentative circumferential profile for that zone. Similarly, the 
vertical long-axis slices were grouped into five zones and the 
corresponding circumferential profiles in each zone were 
averaged point by point. In each zone, representative cir- 
cumferential profiles were averaged in the 20 normal sub- 
jects to obtain a single mean normal profile for each zone. 
Therefore, each mean normal profile was constructed by 
connecting 60 points, and the value of each point was 
derived by averaging 20 corresponding values in the 20 
normal subjects. This resulted in five short-axis and five 
vertical long-axis mean normal profiles in the normal data 
base. 
Three different approaches were used to derive “lower 
limit of normal” profiles from these “mean normal” pro- 
files: each point of the lower limit of normal profile had a 
value that was 25% lower than that of its corresponding point 
on the mean normal profile in method 1 and a value 2.5 SD 
less than that of its corresponding point on the mean normal 
profile (19) in method 2; in method 3 (“range” approach), 
each point of the lower limit of normal profile had a value 
that was equal to the lowest value obtained in that location 
among the 20 normal observations. 
Profiles of 35 patients in the pilot group (20 normal 
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Figure 1. A, Polar map display of various regions of the left 
ventricular myocardium. B, The myocardium was divided into 102 
sections, and in each section the probability of occurrence of a 
perfusion defect with disease of each of the three major coronary 
arteries was determined. 
subjects and 15 patients with coronary artery disease) were 
compared with the three different normal limits and sensi- 
tivity values (in the 15 patients with coronary artery disease) 
and normalcy rates (in the 20 patients with a low likelihood 
of coronary artery disease) were determined. 
Assignment of different portions of the left ventricular 
myocardium to specific coronary arteries. Because one pur- 
pose of this study was to evaluate the presence of disease in 
individual coronary arteries, we developed a systematic 
approach for assigning different portions of the myocardium 
to the distribution of the left anterior descending, the left 
circumflex and the right coronary arteries. In patients with a 
dominant left coronary system (posterior descending artery 
arising from the left circumflex coronary artery) who had 
posterior descending coronary artery stenosis or stenosis of 
the left circumflex artery proximal to the posterior descend- 
ing coronary artery, the right coronary artery was consid- 
ered to be diseased. For assigning various myocardial regions 
to coronary arteries, the 25 patients with coronary artery 
disease in the pilot group and 19 additional men with angio- 
graphically documented single vessel coronary artery disease 
who had a positive thallium SPECT study (27) were evalu- 
ated. There were a total of 72 diseased vessels (26 left anterior 
descending, 22 left circumflex and 24 right coronary arteries) 
and 60 normal coronary arteries (18 left anterior descending, 
22 left circumflex and 20 right coronary arteries). 
Polar maps of all patients were divided into two apical 
regions and 100 segments (five regions from apex to base X 
20 equidistant sectors) according to Figure 1. The profiles of 
these patients were compared with the optimal normal limits 
that were the outcome of the analysis just described. Abnor- 
mal portions of the patient profiles (falling below the normal 
limit) were plotted on the polar maps. For each of 102 
segments, the probability of that segment representing a 
given coronary artery territory was defined by the relative 
frequency with which that segment showed a perfusion defect 
when disease of that coronary artery was present. All seg- 
ments with a probability 280% for a coronary artery were 
clustered together to represent the territory of that artery. 
Development of criteria for determining a definite perfu- 
sion defect. In each of the three territories, the total percent 
of circumferential profile points that fell below the normal 
limits was determined in all 25 patients with coronary artery 
disease in the pilot group. With use of receiver operating 
characteristic curve analysis, various criteria of percent 
abnormality were assessed to determine those that provided 
the optimal true positive versus false positive trade-off for 
identifying disease in each of the three coronary arteries. 
Coronary arteriographic interpretation. Coronary arte- 
riograms were interpreted by consensus opinion of two 
observers who were unaware of the scintigraphic results. 
Coronary narrowing was estimated by visual analysis as 
maximal percent luminal diameter narrowing observed in 
any projection and was categorized as <50%, ~50% to 75%, 
>75% to 90%, >90% to 99% and 100%. 
Statistical analysis. For overall detection of coronary 
artery disease, sensitivity was defined as the proportion of 
patients with angiographic evidence of coronary disease who 
had a thallium SPECT defect in at least one of the coronary 
territories. Specificity was defined as the proportion of 
patients with normal coronary arteriograms who had a 
normal thallium SPECT study. Normalcy rate was defined as 
the proportion of patients with ~5% likelihood of coronary 
disease who had a normal thallium SPECT study. Sensitivity 
for detection of disease in a given coronary artery was 
defined as the proportion of diseased (~50% stenosis) coro- 
nary arteries that had a definite thallium SPECT defect in 
their corresponding territories. The patients with a low 
likelihood of coronary artery disease were not used in the 
individual vessel specificity analysis. Specificity for detec- 
tion of disease in a given coronary artery was defined as the 
percent of normal coronary arteries (stenosis ~50%) that did 
not have a thallium SPECT defect in their corresponding 
territories. The results for the pilot and prospective groups 
for overall detection of disease and identification of disease 
in individual coronary arteries were compared by using the 
unpaired Student’s t test. A probability (p) value co.05 was 
considered to represent a statistically significant difference. 
Results 
Optimal filter for image processing (phantom study). Fig- 
ure 2 demonstrates the relation between filter efficiency and 
various frequency cutoffs for each of the three filters. For all 
three filters, efficiency peaked at cutoff frequencies of 0.2 to 
0.3 cycles/pixel. The peak efficiency of the Butterworth 
filter, however, was higher than that of the other two filters. 
Performance of the Butterworth filter at a cutoff frequency of 
0.2 cycles/pixel varied slightly by orders ranging from 1 to 
10. On the basis of these observations, the Butterworth filter 
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Figure 2. Relation of filter power product (efficiency) to cutoff 
frequency for the Butterworth, Harming and Hamming filters. Filter 
power product was determined as uniformity multiplied by the 
contrast resolution in an experiment using an Iowa heart phantom. 
Filter power product was maximal with the Butterworth filter at a 
frequency cutoff of 0.2 cycles/pixel. 
with a frequency cutoff of 0.2 cycles/pixel and order 5 was 
selected as the optimal filter for preprocessing of thallium- 
201 tomographic images in the clinical studies. 
Best threshold for normal limits (pilot study). In the pilot 
group, sensitivity and normalcy rate were determined using 
the three different thresholds for normal limits. Sensitivity 
was 100% for all the three methods. Normalcy rate was 80% 
( 16 of 20) for the “-250/o,” 55% (11 of 20 patients) for “-2.5 
SD” and 100% (20 of 20) for “range” approaches to defini- 
tion of lower limit of normal profiles. On the basis of these 
results, “range” profiles were selected as optimal normal 
limit profiles. 
Definition of different coronary artery territories (Fig. 3). 
Myocardial territories subtended by the left anterior de- 
scending coronary artery consisted of the apical, anterolat- 
eral, anterior and anteroseptal regions of the left ventricle. 
The territory of the left circumflex coronary artery consisted 
of the mid and basal (posterior) portions of the lateral wall. 
The right coronary artery territory was represented by the 
inferior and inferoseptal regions of the left ventricle. The 
border zones between the coronary territories were consid- 
ered nonspecific for coronary artery assignment because 
they had ~80% likelihood of being associated with disease of 
a given artery. In Figures 4 to 6, polar maps from repre- 
sentative patients with proximal stenosis of a dominant right 
coronary artery (Fig. 4), proximal left circumflex artery 
stenosis (Fig. 5) and left anterior descending and right 
coronary artery disease (Fig. 6) are shown. 
Figure 3. Polar map display of the three coronary artery territories. 
LAD = the left anterior descending, LCX = the left circumflex and 
RCA = the right coronary artery. 
Criteria for determining a definite perfusion defect. Figure 
7 shows the effect of different thresholds of defect size on 
true positive and true negative rates for each of the three 
coronary arteries. Receiver operating characteristic curve 
analysis showed that the optimal criterion for abnormality 
was ~12% for the left anterior descending and left circum- 
flex coronary artery territories and ~8% for the right coro- 
nary/posterior descending artery territory. The true positive 
and true negative rates associated with these criteria were, 
respectively, 74% and 83% for the left anterior descending, 
75% and 78% for the left circumflex and 76% and 71% for the 
right coronary/posterior descending coronary artery territo- 
ries. 
Overall coronury artery disease M’US considered to be 
present if at least one coronary artery territory met one of 
the preceding criteria for demonstrating a definite perfusion 
defect. All 25 pilot study patients with coronary artery 
Figure 4. Polar map display from a patient with proximal stenosis of 
a dominant right coronary artery. The dark gray and black regions 
denote the presence of definite myocardial perfusion defects in the 
inferoseptal area. Dark gray represents areas in which the patient’s 
profile was <5% below the normal limit profile. Black denotes 
myocardial regions in which the patient’s profile was 25% below 
the normal limit profile. 
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Figure 5. Polar map display from a patient with angiographically 
documented proximal left circumflex artery stenosis, showing a 
perfusion defect involving the posterolateral wall that corresponds 
with the left circumflex territory. 
disease met this criterion, resulting in 100% sensitivity for 
detection of coronary artery disease. Use of these criteria in 
the pilot group resulted in 77% sensitivity (41 of 53) and 77% 
specificity (17 of 22) for identification of disease in any of the 
three major coronary artery territories. 
Prospective accuracy of tomographic thallium-201 imaging 
for evaluation of coronary artery disease using optimized 
criteria. Of the 92 patients in the prospective study group 
who had angiographically demonstrated coronary artery 
di-sase, 87 demonstrated a perfusion abnormality, resulting 
Figure 7. Receiver operating characteristic curve analysis of vari- 
ous thresholds of defect size (expressed as a percent of each 
territory) to determine optimal true positive and false positive rates 
for identification of disease in each of the three major coronary 
arteries. The arrows indicate the selected optimal threshold values 
for each coronary artery. Abbreviations as in Figure 3. 
LAD 
25 50 75 
FALSE POSITIVE RATE (%) 
Figure 6. Polar map display from a patient with combined left 
anterior descending and right coronary artery disease, showing 
myocardial perfusion defects in the corresponding territories. 
in 95% sensitivity for overall detection of coronary artery 
disease. In the 43 patients with prior myocardial infarction, 
sensitivity for detection of disease was lOO%, regardless of 
the number of diseased coronary arteries. In the 49 patients 
without prior myocardial infarction, sensitivity in the sub- 
groups with single, double and triple vessel coronary disease 
was 70% (7 of lo), 94% (16 of 17) and 95% (21 of 22), 
respectively. Of the 18 patients with normal coronary arte- 
riograms, 10 had a normal thallium SPECT study, resulting 
in a 56% specificity. Of the 28 patients with a low likelihood 
of coronary artery disease, 24 had a normal thallium SPECT 
study, resulting in a 86% normalcy rate. 
Sensitivity and speci$cy for identijcation of disease in 
individual and combined coronary artery territories are 
shown in Figure 8. Table 3 demonstrates that the results 
were not significantly different between the pilot and pro- 
spective study groups with respect to overall detection of 
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Figure 8. Sensitivity (hatched bars) and specificity (dotted bars) of 
thallium-201 SPECT imaging for identification of disease in individ- 
ual coronary arteries in the entire prospective study group of 1 IO 
patients. Abbreviations as in Figure 3. 
coronary artery disease and identification of disease in 
individual coronary artery territories. 
Prospective accuracy in patients without prior myocardial 
infarction. A total of 49 patients with coronary artery dis- 
ease did not have prior myocardial infarction in the prospec- 
tive study group. These patients had disease in a total of 40 
left anterior descending, 38 left circumflex and 32 right 
coronary arteries. Sensitivity for overall detection of coro- 
nary artery disease was 92% (45 of 49). Sensitivity for 
detection of disease in the left anterior descending, the left 
circumflex and the right coronary artery was 68%, 76% and 
75%, respectively (Fig. 9). Of a total of 110 diseased vessels, 
80 were detected by demonstration of a perfusion defect in 
the corresponding coronary artery territory, resulting in a 
73% sensitivity. In the combination of 49 patients with 
coronary artery disease and 18 patients with normal coro- 
nary arteries, there were 27 normal left anterior descending, 
29 normal left circumflex and 35 normal right coronary 
arteries. Specificity for identification of absence of disease in 
the three coronary arteries was 85%, 79% and 80%, respec- 
tively (Fig. 9). Of a total of 91 normal coronary arteries, 74 
had a normal corresponding territory on the thallium SPECT 
study, resulting in an 81% specificity (Fig. 9). 
Sensitivity and specificity in patients with prior myocardial 
infarction. Sensitivity for overall detection of disease was 
100% in the 43 prospective study patients with prior myo- 
cardial infarction. Sensitivity for detection of disease in the 
left anterior descending, left circumflex and right coronary 
arteries in this group was 89% (33 of 37), 83% (20 of 24) and 
89% (32 of 36). respectively. Of the total of 97 diseased 
vessels in this subgroup, 85 showed a perfusion defect, 
resulting in an 88% sensitivity. Vessel specificity was 83%, 
31%, and 29% for the left anterior descending, the left 
circumflex and the right coronary artery, respectively. Com- 
pared with the subgroup without prior myocardial infarction, 
a significantly (p < 0.05) lower specificity was noted for the 
left circumflex and right coronary arteries. 
Discussion 
In this study, an optimized method for objective detection 
of the presence and localization of thallium-201 single pho- 
ton emission computed tomography (SPECT) myocardial 
perfusion defects is described. This development consists of 
detailed evaluation of multiple steps that are involved in the 
processing and quantitation of SPECT images. 
Optimal filter for image processing. The optimal filter for 
processing was evaluated by a phantom study that allowed 
objective and quantitative means of determining filter effi- 
ciency. The filters that were evaluated represented the three 
most commonly used filters for processing thallium SPECT 
studies. Our results demonstrated that with our camera 
computer system (Siemens or General Electric camera and 
A3 MDS computer), the Butterworth filter with a cutoff 
frequency of 0.2 cycles/pixel and order 5 had the highest 
efficiency. Because the optimal filter may be different for 
other camera computer systems, we recommend that the 
appropriate filter for other systems be evaluated objectively 
for each system. 
Definition of normal limits and criteria for detection of a 
perfusion defect. In a previous preliminary study, we de- 
fined normal limits as profiles lying 2.5 SD below the mean 
normal profile. We subsequently studied in more detail (28) 
the distribution of normal profile points in different regions 
of the myocardium. We observed that the distribution of 
normal profiles was skewed in the anterolateral and infer- 
oseptal regions of the left ventricle and was Gaussian in the 
remaining left ventricular regions. The “standard deviation 
(SD)” and the “25% below the mean” approaches, which do 
not account for this skewness of distribution, were not 
Table 3. Comparison Between the 45 Pilot and 138 Prospective Study Group Patients 
Study 
Overall CAD LAD LCX RCA Any Vessel 
Group Sens NL Rate Sens Spec Sens Spec Sens Spec Sens Spec 
Pilot 100% 100% 79% 83% 7S% 78% 76% 71% 77% 77% 
Prospective 95% 86% 78% 85% 79% 60% 82% 71% 80% 71% 
CAD = coronary artery disease; LAD = left anterior descending coronary artery: LCx = left circumflex coronary artery; NL Rate = normalcy rate; RCA 
= right coronary artery: Sens = sensitivity; Spec = specificity. 
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associated with highest accuracy in the present study. The 
“range” approach, which was the method chosen for devel- 
oping normal limit profiles in this study because it provided 
the best result in the pilot study group, was an attempt to 
develop normal limits based on the observed distribution 
rather than the assumption of a Gaussian distribution. Ide- 
ally, because the larger and more severe a defect, the greater 
the likelihood that it is a true defect, a probabilistic approach 
may be developed to express the likelihood of overall 
coronary artery disease based on the size of the thallium 
SPECT perfusion abnormality (29). 
In this study, we developed optimal thresholds for iden- 
tifying perfusion defects in various coronary artery territo- 
ries using receiver operator characteristic curve analysis. 
This approach eliminates the need for subjective decision as 
to whether a small perfusion abnormality qualifies as a 
definite defect. 
Determination of coronary artery territories. In this 
study, we systematically assigned various myocardial terri- 
tories to the three major coronary arteries. The right coro- 
nary artery territory in this study represents the portion of 
the myocardium supplied by the posterior descending 
branch of either the right or the left circumflex coronary 
artery. In this study, myocardial segments in the inferior 
portion of the septum had a ~80% probability of being 
supplied by the right coronary artery. This observation is 
consistent with the known anatomic extent of the right 
coronary artery territory and with our previous results (30) 
using planar thallium-201 imaging. Our results show that 
certain portions of the left ventricular myocardium have an 
intermediate likelihood of association with a specific coro- 
nary artery distribution. These “border” zones are located 
at the interface of specific coronary artery territories and 
represent regions with a relatively higher likelihood of 
coronary blood supply overlap. Our approach to assignment 
Figure 9. Sensitivity and specificity of 
thallium-201 SPECT imaging for iden- 
tification of diseased coronary arteries 
in the subgroup of 47 prospective cath- 
eterized patients without prior infarc- 
tion. Abbreviations as in Figure 3. 
110 91 
ALL VESSELS 
of myocardial regions to coronary arteries was objective and 
partially accounted for overlap of different coronary artery 
distributions. However, in some patients, a large diseased 
left anterior descending coronary artery that wrapped 
around the apex and supplied the distal inferior wall was 
associated with a defect in the distal inferior wall, which is 
considered to represent the right coronary artery territory. 
Furthermore, in some patients with a large diseased left 
circumflex or right coronary artery, the thallium defect 
involved the territories of both vessels. These variations of 
the coronary artery tree were partly responsible for the 
suboptimal specificity observed for the left circumflex and 
right coronary artery territories. This problem was particu- 
larly observed in patients with prior myocardial infarction in 
whom altered ventricular geometry may have been an addi- 
tional contributory factor. Optimal assignment of perfusion 
defects to individual coronary artery territories in patients 
with prior myocardial infarction requires further investiga- 
tion. When the coronary anatomy of a patient is known, 
optimal assignment of thallium-201 tomographic perfusion 
defects to individual coronary arteries and their branches 
would ideally involve direct overlay of the angiographically 
defined coronary artery tree on the thallium perfusion maps 
(31). 
Comparison with other methods. DePasquale et al. (21) 
described a method for quantitative analysis of thallium-201 
SPECT images and “bull’s-eye” display of the results; the 
latter was originally described by Caldwell et al. (32). The 
quantitative technique described in this report differs from 
that of DePasquale et al. (21) with respect to the following 
features. 1) We assessed perfusion of the myocardial apex 
from the vertical long-axis slices. This method may allow 
more accurate detection of patients with an isolated apical 
defect and more accurate determination of total defect size 
when the apex is involved because the method of DePas- 
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quale et al. (21) uses only short-axis slices that are subject to 
a partial volume problem at the apex. 2) We normalized 
myocardial count samples to the highest value observed in 
each slice rather than the highest value in the entire study. 3) 
Our approach to defining normal limit profile was not based 
on the standard deviation approach because we found that 
the distribution of count profiles is not Gaussian in different 
regions of the myocardium. 4) We assessed myocardial 
territories of various coronary arteries by systematic analy- 
sis of actual findings in patients with coronary artery disease. 
5) Criteria for definition of a perfusion defect were objec- 
tively derived by receiver operating characteristic curve 
analysis. The influence of these technical differences on the 
comparative ability of the two techniques to evaluate coro- 
nary artery disease is not yet certain. 
Prospective performance of the optimized method. In the 
prospective study group, the optimized quantitative tech- 
nique had a 96% sensitivity for overall detection of coronary 
artery disease. This is similar to that in other reports (20,21) 
and appears to be slightly higher than that of quantitative 
planar thallium-201 myocardial scintigraphy (7,8,13). The 
specificity of the quantitative SPECT technique was 50%. 
This “apparent” low specificity is most likely related to 
patient referral bias in which patients with a positive thallium 
study are preferentially selected for cardiac catheterization 
and coronary angiography. The effect of patient referral 
bias on specificity has been previously described by our 
group for planar thallium imaging (33) and radionuclide 
ventriculography (34). In the present study. we observed 
that seven of the eight patients with a positive thallium 
study and a normal coronary arteriogram underwent coro- 
nary arteriography after a positive thallium study was 
obtained. Importantly. six of these eight patients also had 
significant ST segment depression during exercise. Further- 
more, 16 (89%) of 18 patients with a normal coronary 
arteriogram and 66 (72%) of 92 patients with angiographi- 
tally determined coronary artery disease initially under- 
went a stress-redistribution thallium-201 study and were 
then referred to coronary angiography. Of this total of 82 
patients who were referred to angiography after their thal- 
lium test, 73 (89%‘) had a positive thallium study. As previ- 
ously proposed by our group (33,35), normalcy rate deter- 
mined in patients with a low likelihood of coronary artery 
disease may be more representative of the true specificity of 
quantitative thallium-201 myocardial SPECT, which was 
86% in this study. 
Sensitivity for detection of disease in any coronary artery 
was 80% (165 of 207) and was similar for the left anterior 
descending (78%), left circumflex (79%) and right coronary 
(82%) arteries. These findings are in general agreement with 
those of DePasquale et al. (21). who reported a sensitivity of 
95%, 78%, 65% and 89% (p < 0.05 versus the present study) 
for overall detection of coronary artery disease and detec- 
tion of disease in the left anterior descending, the left 
circumflex and the right coronary artery, respectively. Small 
but insignificant differences between the two studies with 
respect to the sensitivity for detection of right coronary and 
left circumflex coronary artery disease are most likely a 
result of differences between the two patient groups. We 
have observed (36) that the quantitative SPECT method 
described in this report is superior to our quantitative planar 
imaging technique with respect to detection of disease in the 
left circumflex coronary artery. 
Specijicity for detection of disease in any coronary artery 
was 71% and tended to be relatively lower for the left 
circumflex (60%) and the right (71%) coronary artery as 
compared with the left anterior descending coronary artery 
(85%). As already stated, suboptimal specificity for identifi- 
cation of disease in individual coronary arteries was predom- 
inantly due to the extension of perfusion defects into adja- 
cent territories that occurred with disease of relatively large 
coronary arteries. Prior myocardial infarction appeared to 
further lower specificity for disease in the left circumflex and 
right coronary arteries. Intelligent algorithms that take into 
account the “tailing” of a defect into an adjacent vascular 
territory may help improve these specificity values. In the 
subgroup without prior myocardial infarction, the sensitivity 
for detection of left anterior descending coronary disease 
(68%) tended to be lower than sensitivity for the left circum- 
flex (76%) and the right (75%) coronary arteries. A possible 
explanation for this difference may be that a large proportion 
(7 of 13; 54%) of the false negative results occurred in 
patients with mild to moderate (50% to 75%) left anterior 
descending coronary artery narrowing in association with 
more severe stenosis in their left circumflex or right coro- 
nary artery, or both. 
The sensitivity and normalcy rate jtir detection of overall 
coronary artery disease and sensitivity and specificity for 
identification of diseased coronary arteries were similar 
in the pilot and prospective study groups. This finding attests 
to the validity of the optimized criteria that were developed 
in the pilot study group. A preliminary report (37) of a 
prospective multicenter evaluation of this optimized quanti- 
tative thallium-201 SPECT method has suggested that the 
results at other centers are similar to those obtained at our 
institution. 
Importance of quality control. Our quantitative analysis 
method requires certain subjective steps in reconstruction 
and quantitation of images (that is, choice of axis of recon- 
struction, selection of slices for quantitation, assignment of 
left ventricular center and alignment of profiles). 
In addition to quality control steps that relate to these 
aspects of computer processing and quantitation, SPECT 
requires more attention to quality control of image acquisi- 
tion than does the planar imaging method. Before imaging, 
uniformity and center of rotation should be determined and 
appropriate correction should be made during imaging proc- 
essing. During image acquisition, patient motion (24) and 
1698 MADDAHI ET AL. JACC Vol. 14, No. 7 
QUANTITATIVE THALLIUM MYOCARDIAL TOMOGRAPHY December 1989:1689-99 
“upward creep” (25) of the heart are common sources of 
artifactual defects. Patient motion may be minimized by 
instructing the patient to refrain from conversation and 
movement during imaging and by keeping the patient awake 
during data acquisition, comfortably restraining the patient’s 
arm out of the field of view. Upward creep can be minimized 
by delaying initiation of SPECT data acquisition 12 to 15 min 
after termination of exercise. Patient motion and upward 
creep can be retrospectively assessed by examining the tine 
loop display or the summed images of the 30 or 32 individual 
projections. 
Limitations of the thallium-201 SPECT quantitative anal- 
ysis techniques. The study group contained only men. Our 
group (28) and DePasquale et al. (21) have demonstrated that 
normal myocardial distribution of thallium-201 in men is 
different from that in women, most likely because of differing 
attenuation patterns. In both genders, thallium activity is 
more attenuated in the basal inferior and septal regions of the 
left ventricle. However, in women, additional attenuation of 
anterolateral wall activity by breast tissue apparently bal- 
ances the inferior and septal attenuation and results in more 
uniform apparent myocardial distribution of activity. Studies 
are currently under way in our laboratory to develop objec- 
tive criteria for optimized quantitative assessment of myo- 
cardial thallium-201 distribution in women. 
The thallium-201 SPECT normal limit profiles in our 
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